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Synthesized proton-conducting polymeric membranes were examined on a molecular
level using ab initio self-consistent field molecular orbital calculations to help define some of the
fundamental properties of these products. The monomeric global minimum energy structures of
the anhydrous organic amine salts of 4-vinylpyridine phosphate, 4-vinylpyridine sulfate, 2vinylpyridine

phosphate,

2-vinylpyridine

sulfate,

vinylimidazoline

phosphate,

and

vinylimidazoline sulfate were determined and used to calculate potential energy profiles for
proton transfer under constrained polymer mobility and unconstrained polymer mobility.
Finally, binding energies of each of the salts were investigated and compared with the
experimental data. We found that the global minimum structure of the phosphates and 4vinylpyridine sulfate preferred to exist as acidbase pairs while the 2-vinylpyridine sulfate and
vinylimidazoline sulfate preferred charge separation within the system.

Also, the potential

energy profiles for proton transfer agreed with the activation energies measured experimentally
with Narayanan et. nl at lower temperatures. The pyridine phosphates had a higher energy
penalty for proton transfer than the pyridine sulfates (approximately 5 kcaVmol difference),
while the vinylimidazoline salts showed the exact opposite behavior with the vinylimidazoline
sulfate having a higher energy barrier. Finally, the binding energies for all of the monomeric
phosphates were higher than that of the monomeric sulfates by about 15 kcallmol. These results
can be used to expand on the understanding of the mechanism of proton transfer by providing a
solid base for further calculations using polymeric fragments with multiple ions.

Introduction
Due to the growing need for alternative energy sources, proton-conducting membranes
used as the electrolyte in hydrogen fuel cells are undergoing considerable development.'y274A
hydrogen fuel cell works by oxidizing hydrogen gas at the anode to create protons while at the
cathode oxygen gas is reduced to form water. The polymer electrolyte membrane (PEM) in this
fuel cell serves two purposes: 1. to separate the anode from the cathode so that the electrons must
travel through a circuit to react (thus performing work) and 2. to transfer protons from the anode
to the cathode for charge balance and to allow the oxygen gas to react with the protons and
electrons to form water. In order for the k e l cell to produce more energy, the membrane must be
able to conduct protons at a high rate. However, conducting protons through the electrolyte
membrane is still the limiting step in a fuel cell's reaction. If the cell runs too hot, the PEM is
the first part of the fuel cell to breakdown which limits its applications in industry. It is thus
necessary to improve current PEMs or synthesize new ones to help improve the fuel cell's
performance and versatility.
Current state-of-the-art PEMs in use are perflourosulfonic acid membranes such as
Dupont's Nafion@ and Dow's HyflonB. These PEMs conduct protons by using the sulfo~licacid
group at the end of each monomer unit. As protons are created at the anode, they diffuse into the
electrolyte displacing the acidic proton on the sulfonic group. The displaced proton is then
passed through the polymer until it reaches the cathode and reacts with the oxygen. However,
the transfer of the protons in this mechanism requires more than just the sulfonic group on the
end of the polymer chains. Water is required to bridge the gap that exists between the sulfonic
groups in the polymer.g The more water that is in the membranes, the better the PEM's

conductivity.

Unfortunately, this means that these PEMs only perform adequately at

temperatures below 100°C when fully hydrated under atmospheric pressure.

However, an

increasing number of applications for fuel cells need them to be able to run at temperatures

'

approaching 18 0 " ~ .
To help address this issue, Narayanan et. a1 synthesized high molecular weight "water
free" polymeric organic amine salts.

They studied these polymers extensively to test the

membranes' proton conductivity, activation energy, and membrane stability. His experiments
tested these properties on dihydrogen phosphate and hydrogen bisulfate salts of poly-4vinylpyridine, poly-2-vinylpyridine, and polyvinylimidazoline. These salts have shown good
stability over a broad temperature range (25-180°C) and promising proton conductivity.'
However, it is necessary to understand the mechanism through which these PEMs
conduct protons in an anhydrous environment in order to fully develop them. This preliminary
study focused on elucidating the fundamental molecular features of proton transfer of each of the
base-acid pairs through a computational and simulation study using first principles based
electronic structure calculations. These calculations started by examining the monomerlanion
pairs to reveal whether charge neutrality dominates in the global minimum structure of each of
the monomeric salts. Later computations reveal how a proton could be transferred from the
monomer unit to the corresponding anion. These results are essential in understanding the
individual energy barriers that exist for proton transfer; however, further studies of long-chain
polymeric groups will better reveal overall ion conductivity. Lastly, the binding energies of each
of the monomeric fragments were investigated to better explain the membranes stability at higher
temperatures.

Computational Method
Ab initio self-consistent field (SCF) molecular orbital calculations were performed using
the GAUSSIAN 03 suite of programs on a Linux Beowulf cluster consisting of Intel Itanium 2
1.4 GHz dual processor nodes. Full optimizations of each of the three monomeric fragments
were obtained by conjugate gradient methods without symmetry constraints using Hartree-Fock
theory with the 3-21G** split valence basis set. The resulting structures were further optimized
using hybrid density functional theory with Becke's 3 parameter functional (B3LYP) first with
the 6-3 1G** basis set and then with the larger 6-3 1lG**. Vibrational frequencies and zero point
energies (ZPEs) were calculated for each of the globally minimized structures at the same level.
The fully optimized structures of the anions, dihydrogen phosphate and hydrogen bisulfate, were
determined in the same manner. Later, the B3LYPl6-3 11G** level optimization and zero-point
correction was obtained for the anions for use in calculating the binding energies. These fully
optimized structures were paired with the fully optimized structures of each of the optimized
polymeric fragments and optimized from three different starting configurations using the same
methods as for just the polymeric fragments. The lowest energy configuration of the three was
determined to be the global minimum structure for the monomerlanion pair. Potential energy
profiles were computed from the lowest energy structures for each of the organic amine salt
fragments at the B3LYPl6-3 11G** level by incrementally (between 0.016-0.050

A) transferring

the proton from the oxygen of the acid to the nitrogen on the monomer for the 4-vinylpyridine
phosphate and sulfate, the 2-vinylpyridine phosphate and the vinylimidazoline phosphate. For
the 2-vinylpyridine sulfate and vinylimidazoline sulfate, the potential energy profiles were
calculated in the same manner except the lowest energy structure required movement of the
proton from the nitrogen of the monomer to the oxygen of the anion. In an initial set of

calculations, the nitrogen to oxygen distance was fixed as well as an angle and dihedral angle
defining the trajectory. Later, the angle, dihedral angle and the distance were relaxed, and the
system was optimized over all degrees of freedom. Lastly, binding energies of the monomeric
fiagrnents with their corresponding anions were calculated fiom both the uncorrected and ZPE
corrected total electronic energies at the B3LYPl6-311G** level.

The effect of basis set

superposition error (BSSE) on the anion binding energies was explored using the commonly
employed counterpoise (CP) method of Boys and ~ e r n a r d i . ~The
. ~ resulting binding energies
were computed from CP-corrected geometry optimizations718for all monomeric salts.

Results and Discussion
Fully Optimized Pairs:
The fully optimized structures of all of the monomeric salts are shown in Figures 1, 2,
and 3. These fully optimized structures were calculated at the B3LYPl6-311G** level after
previous geometrical optimization at the lower levels with smaller basis sets. The binding
energies were also calculated for these structures using CP-corrected geometry optimizations and
are displayed in Table 1. In the case of the 4-vinylpyridine salts (Figure l), it was observed that
for both the sulfate salt and the phosphate salt the proton preferred to move to the anion leaving
an acidlbase pair. 4-vinylpyridine phosphate (Figure la) has a hydrogen bond length of 2.648 8,
and an oxygen-hydrogen bond length of 1.022 8,, and the system's binding energy is -1 16.1
kcallmol. The interacting protonated oxygen on the pl~ospl~oric
acid lies mostly in the plane of
the pyridine ring (NHO angle is 1.6") while the rest of the acid deviates from the plane by 25.3"
at the farthest oxygen. The non-protonated oxygen of the acid lies relatively close to the
pyridine ring with a distance of only 2.308 8, between it and the nearest non-acidic hydrogen.
Lastly, the N-H distance for 4-vinylpyridine phosphate is 1.627 8, which is larger than the 0-H

distance by 0.605 A. The fully optimized structure of 4-vinylpyridine sulfate (Figure lb) shows
similarities to the 4-vinylpyridine phosphate. For example, the interacting protonated oxygen in
sulfuric acid lies mostly in the pyridine plane (NHO angle is 1.0") while the rest of the acid lies
out of the plane by 29.7" at the highest inclination. The non-protonated oxygen of the acid also
lies close to the pyridine ring with a distance of 2.377

A between it and the closest non-acidic

hydrogen. However, the binding energy of 4-vinylpyridine sulfate is smaller than the binding
energy of 4-vinylpyridine phosphate by about 15 kcallmol giving 4-vinylpyridine sulfate a
binding energy of -100.5 kcallmol. Also, the difference between the N-H bond length and the 0-

H bond length for the sulfate case is shorter than for 4-vinylpyridine phosphate with bond
lengths of 1.505 A for the N-H bond and 1.065 A for the 0 - H bond; therefore, the difference
between the bond lengths for 4-vinlypyridine sulfate is only 0.44 A and the total hydrogen bond
length is 2.570

A. This difference between the hydrogen bond lengths between the phosphoric

acid and the sulfuric acid means that the hydrogen bond is stronger for the sulfuric acid pair than
for the phosphoric acid pair. Because the hydrogen bond in 4-vinylpyridine sulfate is stronger
than in the 4-vinylpyridine phosphate, the overall energy penalty of transferring the proton from
the nitrogen to the oxygen or vice versa should be lower.
When the fully optimized structures of the 2-vinylpyridine salts (Figure 2) were
examined, more differences were observed between the phosphate salt and the sulfate salt than in
the 4-vinylpyridine salts. For 2-vinylpyridine phosphate (Figure 2a), the acidic proton is bonded
to the oxygen of the phosphate group leading to an acidlbase pair, and the binding energy of this
system is also -1 16.1 kcallmol. This structure is very similar to 4-vinylpyridine phosphate with
the overall hydrogen bond distance of 2.647

which is smaller than the 4-vinylpyridine

phosphate bond length by only 0.001 A. Also for the 2-vinylpyridine phosphate, the interacting

protonated oxygen of the phosphoric acid is mostly in the plane with the pyridine ring (NHO
angle is 1.3") and the farthest oxygen in the acid lies 25.2" out of the plane. The non-protonated
oxygen of the phosphoric acid is oriented similarly to that of the phosphoric acid in 4vinylpyridine with a distance to the nearest non-acidic proton of 2.321

A. Finally, the bond

between the oxygen of the acid and the proton is stronger than the bond of the nitrogen of the
base and the proton because the 0 - H distance (1.024 A) is shorter than the N-H distance (1.623
A); therefore, the difference between the two bond lengths is 0.599 A. Since this difference and
the hydrogen bond distance is so similar to that of 4-vinylpyridine phosphate, it can be inferred
that the overall energetics of proton transfer in the 2-vinylpyridine phosphate system will be
similar to the one for the 4-vinylpyridine phosphate system.

For the fully optimized 2-

vinylpyridine sulfate structure (Figure 2b), the proton does not reside with the anion to form an
acidbase pair. Instead, it has transferred to the 2-vinylpyridine group to give a case that this
paper will refer to as charge separation because the protonated organic base holds a positive
charge while the anion group holds a negative one. Despite the case of charge separation in this
structure, the properties of the hydrogen bond length, anion orientation, and binding energies are
still very similar to 4-vinylpyridine sulfate. The anion lies in a similar orientation as the 2vinylpyridine phosphate and the 4-vinylpyridine sulfate with the interacting oxygen lying in the
same plane as the pyridine group (NHO angle is only 0.8") while the highest inclination of the
anion is 22.0" out of this plane. The sulfate is also oriented so that the other non-protonated
oxygen lies close to a non-acidic proton of the pyridine group except that the distance between
the two is smaller by about 0.2 A for a distance of 2.158

A. As in the 4-vinylpyridine salts, the

2-vinylpyridine sulfate hydrogen bond is shorter than the 2-vinylpyridine phosphate bond, but
the 2-vinylpyridine sulfate hydrogen bond is even stronger in this case than in the 4-

vinylpyridine sulfate with a length of only 2.545 A. Finally, as with the 4-vinylpyridine salts, the
binding energy of 2-vinylpyridine sulfate is approximately 15 kcallmol lower than 2vinylpyridine phosphate with the binding energy being -99.5 kcallmol.
The vinylimidazoline salts were a special case because their properties differed
significantly from either of the pyridine salts mainly due to their differences in structure;
however, the global minimum structure still exists as an acidhase pair. The fully optimized
structure of vinylirnidazoline phosphate (Figure 3a) shows a similar, though shorter, hydrogen
bond length to that of the pyridine phosphates with a length of 2.604 A. Also, the difference
between the N-H bond length (1.569 A) and the 0-H bond length (1.036 A) is only 0.533 A.
Both of these differences indicate that the energy penalty for the proton transfer in
vinylimidazoline phosphate will be lower than either of the two pyridine phosphates. Another
difference to note is that while the protonated oxygen lies mostly in the plane of the imidazoline
ring (NHO angle is 1.lo), the farthest oxygen of the acid lies out of the plane by -135.0".
However, the distance between the nearest non-acidic proton on the imidazoline group to the
non-protonated oxygen is similar with a length of 2.238

A. Finally, the binding energy of

vinylimidazoline phosphate is smaller than either of the pyridine phosphates by about 10
ltcal/mol making its binding energy -105.6 kcallmol. With all of these differences between the
vinylimidazoline phosphate and the pyridine phosphates, it should be expected that the
energetics of proton transfer will also be quite different in comparison. The fully optimized
structure of vinylirnidazoline sulfate (Figure 3b) is also quite different from its pyridine sulfate
analogs. Like the 2-vinylpyridine sulfate, the proton transferred to the imidazoline group to
leave a charge separated structure; however, the hydrogen bond in this case is the weakest out of
all of the organic amine salts that were studied with a bond length of 2.676 A. Also, the proton

is not shared very well between the imidazoline and the sulfate with a difference between the NH (1.044 A) bond length and the O-H (1.720 A) bond length of 0.676

A. Furthermore, the

interacting oxygen on the sulfate does not lie in the plane of the imidazoline. Its angle out of the
plane (NHO angle) is 18.6", and the angle of highest inclination of the anion is -95.5". The
orientation of the other non-protonated oxygen relative to a non-acidic hydrogen on the
vinylimidazoline is also longer with a distance of 2.520

A. Finally, the binding energy of

vinylimidazoline sulfate is the lowest of all the organic amine salts in this study with a binding
energy of only -90.5 kcallmol. Due to the weaker hydrogen bond, the orientation of the oxygen
outside of the ring plane, and the weaker binding energy, vinylimidazoline sulfate should have a
much higher energy penalty for proton transfer than either of the pyridine sulfates.
Energetics of Proton Transfer
The potential energy profiles of the 4-vinylpyridine salts, 2-vinylpyridine salts, and
vinylimidazoline salts are shown in Figures 4, 5, and 6 respectively. In Figure 4a is a graph of
the energetics of the constrained proton transfer for the 4-vinylpyridine salts plotted as a function
of the change in energy from the global minimum structure in kcallmol against the increasing
bond length between the proton and the oxygen of the acid. The proton transfer of the phosphate
pair is shown in red and the proton transfer of the sulfate pair is blue. Both curves show an
endothermicity for transferring the proton to the pyridine group as well as a very slight energy
barrier. The endothermicity of transferring a proton from the acid to the base in 4-vinylpyridine
phosphate is 7.01 kcallmol while the energy barrier has a maximum at 7.31 kcallmol. This is
much higher than for the constrained proton transfer of 4-vinylpyridine sulfate which only had an
endothermicity of 0.40 kcallmol and an energy barrier of 1.38 kcallmol.

The differences

between the endothermicities of the phosphate and the sulfate is expected since the hydrogen

bond in the fully optimized structures is stronger for 4-vinylpyridine sulfate than for 4vinylpyridine phosphate. Figure 4b displays the energetics of proton transfer in the same salts,
but with optimization allowed over all degrees of freedom. The first difference to note is the
energy barriers are almost completely gone, so all that is left are endothermicities. Also, the
energy penalty, or endothermicity, has lowered to make the proton transfer more favorable. The
endothermicity for unconstrained proton transfer of 4-vinylpyridine phosphate is 6.28 kcal/mol
and for 4-vinylpyridine sulfate is 0.50 kcallmol. This softening of the endothermicity curves is
caused by the ability of the hydrogen bond distance to fluctuate during each optimization. While
the constrained transfer held the hydrogen bond distance at 2.648 Hi for the phosphate and 2.570

A for the sulfate, the unconstrained
2.593

transfer showed that the hydrogen bond distance is actually

and 2.555 Hi respectively when the system is optimized over all degrees of freedom.
Similarly in Figure 5a, the energetics for constrained proton transfer of the 2-

vinylpyridine salts also showed an energy barrier as well as an endothermicity.

For 2-

vinylpyridine phosphate the structure and magnitude of both the energy barrier and the
endothermicity of the transfer resembles that of 4-vinylpyridine phosphate; however, it is slightly
smaller with the constrained energy barrier at 6.40 kcallmol and the endothermicity at 5.91
kcallmol for 2-vinylpyridine phosphate. This is expected since the hydrogen bond is slightly
stronger for 2-vinylpyridine phosphate than for 4-vinypyridine phosphate. The similarity in the
curves is also apparent between the constrained 2-vinylpyridine sulfate and the 4-vinylpyridine
sulfate with the exception that the 2-vinylpyridine sulfate shows an exothermicity instead of an
endothermicity. The energy barrier for constrained 2-vinylpyridine sulfate is 1.32 kcallmol and
the endothermicity is 0.92 kcallmol. The difference between the energetics of the constrained
proton transfer of the 2-vinylpyridine salts is very similar to that of the 4-vinylpyridine salts.

Also, the same changes are observed when the constraints on the proton transfer are relaxed and
the system is allowed to optimize over all degrees of freedom as in Figure 5b. Again, the
barriers are gone and only the endothermicities and exothermicities are left. The overall energy
penalty is lowered to give an endothermicity of 5.54 kcallmol for the phosphate and an
exothermicity of 0.89 kcallmol. The change in the energetics between the unconstrained and
constrained 2-vinylpyridine salts is smaller than the changes between them in the 4-vinylpyridine
salts. The hydrogen bond distance that was constrained in Figure 5a was 2.647
phosphate and 2.545

A for the

A for the sulfate case while the unconstrained endpoints in Figure 5b

showed a hydrogen bond distance of 2.6 13 A and 2.5 19

respectively.

Finally, the constrained proton transfer for the vinylimidazoline salts are displayed in
Figure 6a. The energetics of these transfers is vastly different from either of the pyridine salt
cases with the vinylimidazoline sulfate having a higher exothermicity than the endothermicity of
vinylimidazoline phosphate. This result is anticipated based on the hydrogen bond strength
information obtained from the fully-optimized structures. The hydrogen bond is stronger for
vinylimidazoline phosphate than the pyridine phosphates so the endothermicity is lower during
the proton transfer. Likewise, the hydrogen bond in vinylimidazoline sulfate is weaker than the
pyridine sulfates, so its exothermicity is higher during the proton transfer. Again, both of the
salts show an energy barrier during the constrained proton transfer; however, it is much better
defined than either of the pyridine salts which suggests a transition structure. The energy barrier
and endothermicity for the constrained proton transfer of vinylimidazoline phosphate is 3.55
kcallmol and 2.32 kcallmol respectively.

Also, the energy barrier and exothermicity for

constrained proton transfer of vinylimidazoline sulfate is 7.52 kcallmol and 4.89 kcallmol.
Despite the differences between the vinylimidazoline energetics and the pyridine salts energetics,

the same disappearance of the energy barriers and softening of the energy penalties is observed
when the system is allowed to optimize over all degrees of freedom. The endothermicity for
unconstrained proton transfer of vinylimidazoline phosphate is 2.30 kcallmol, and the
exothermicity of vinylimidazoline sulfate is 3.92 kcallmol. The softening of the energy cost to
transfer the proton is again the result of the flexibility of the hydrogen bond. The constrained
bond distances were 2.604

A and 2.676 A for vinylimidazoline phosphate and sulfate

respectively, while the unconstrained endpoint bond distances were 2.579

A and 2.514 A for

vinylirnidazoline phosphate and sulfate respectively. Here it is noted that the change in the bond
distance between the constrained and unconstrained cases is almost 0.1 A which accounts for the
extreme softening of the curves that is not as drastic in the pyridine salts.

Conclusions
In all cases studied, the monomer phosphate pairs prefer to exist as acidlbase pairs with
the proton residing with the anion. This degree of this preference is related to the strength of the
hydrogen bond between the acid and is shown by the endothermicities for transferring the proton.
The stronger the hydrogen bond, the smaller the endothermicity for transferring the proton.
Therefore, it is easier to transfer the proton in the vinylirnidazoline phosphate than either of the
pyridine phosphates because its hydrogen bond is stronger. For the bisulfate salts, the global
minimum st~ucturestended towards a charge separation state except with the 4-vinylpyridine
sulfate pair. However, unlike the organic phosphate pairs, the sulfates tended to have lower
energy penalties for proton transfer due to their stronger hydrogen bonds. The main exception is
vinylimidazoline sulfate which has the weakest of the hydrogen bonds the highest exothermicity
of the sulfate salts. Therefore, for the sulfate salts it is easier to transfer the proton when either
of the pyridines is used compared to using vinylirnidazoline. While activation energies are

slightly different from the energy penalties that were measured in this study, the two values
should follow the same trends. In Narayanan's study, the activation energies for the membranes
were measured for low temperatures as well as high temperatures. The trends between activation
energies in his study agree with the energy penalties that were previously described. He found
that polyvinylimidazoline sulfate had a higher activation energy than its phosphate counterpart.
He also showed that the pyridine phosphates had higher activation energies than the sulfate
counterparts. These correlations suggest that at low temperatures, the activation energy is related
to the hydrogen bond strength between the acidbase pair.

Finally, all of the monomer

phosphates have a higher binding energy than their bisulfate counterparts by about 15 kcal/mol.
Even the vinylimidazoline phosphate, which has the smallest binding energy of the three, has a
higher binding energy than either of the pyridine sulfates. This suggests that on a small scale,
the organic phosphates would break down at higher temperatures than the organic sulfates.
However, the experimental studies performed by Narayanan et. a1 showed that the phosphate
membranes begin losing weight around 200°C while the sulfates do not start breaking down until
3 0 0 " ~ . ' The breakdown at the earlier temperatures for the phosphate membranes is due to the
phosphates reacting to lose water and form polypl~ospl~ate
links. This is not related to the
binding energies of this study because only single acidbase pairs were studied and not multiple
fragments that would include several phosphate groups. This preliminary study of the theory
behind the proton transfer in these new membranes uncovered some interesting results. These
calculations should be studied in more detail to determine what mechanism is behind the proton
transfer in a polymer chain with multiple acidbase pairs. This would also allow the chance to
draw conclusions based on these transfers as they relate to the overall ionic conductivity of the
membrane.
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Figure Captions
la.

Fully optimized structure of 4-vinylpyridine phosphate at the B3LYPl6-3 11G** level.
For this and all other figures of compounds, blue represents nitrogen, red represents
oxygen, dark grey is carbon, white is hydrogen, yellow is sulfur, and purple is
phosphorous. The hydrogen bond distance is 2.648 A, the N.--Hdistance is 1.627 A, and
the 0.m.H bond distance is 1.022 A.

lb.

Fully optimized structure of 4-vinylpyridine sulfate at the B3LYPl6-3 11G** level. The
hydrogen bond distance is 2.570 A, the N...H distance is 1.505 A, and the Om.-H bond
distance is 1.065 A.

2a.

Fully optimized structure of 2-vinylpyridine phosphate at the B3LYPl6-3 11G** level.
The hydrogen bond distance is 2.647 A, the N-.-Hdistance is 1.623 A, and the O.-.H
bond distance is 1.024 A.

2b.

Fully optimized structure of 2-vinylpyridine sulfate at the B3LYPl6-3 11G** level. The
hydrogen bond distance is 2.545 A, the N...H bond distance is 1.1 13 A, and the O.--H
distance is 1.433 A.

3a.

Fully optimized structure of vinylimidazoline phosphate at the B3LYPl6-3 11G** level.
The hydrogen bond distance is 2.604 A, the N..-H distance is 1.569 A, and the 0.a.H
bond distance is 1.036 A.

3b.

Fully optimized structure of vinylimidazoline sulfate at the B3LYPl6-3 11G** level. The
hydrogen bond distance is 2.676 A, the N-.-Hbond distance is 1.044 A, and the O---H
distance is 1.720 A.

4a.

Energetics of proton transfer for constrained 4-vinylpyridine salts at the B3LYPl63 11G** level with the nitrogen and oxygen positions fixed as well as the angle and
dihedral angle used to define the position of the acidic proton. For this and all energetics
graphs, the x-axis is the oxygen-hydrogen distance as the proton is transferred to the
nitrogen in angstroms, and the y-axis is the change in energy from the global minimum in
kilocalories per mole.

4b.

Energetics of proton transfer for unconstrained 4-vinylpyridine salts at the B3LYPl63 11G** level. The structure was allowed to optimize over all degrees of freedom.

5a.

Energetics of proton transfer for constrained 2-vinylpyridine salts at the B3LYPl63 11G** level with the nitrogen and oxygen positions and the angle and dihedral angle
used to define the position of the acidic proton held constant.

5b.

Energetics of proton transfer for unconstrained 2-vinylpyridine salts at the B3LYPl63 11G** level. The structure was allowed to optimize over all degrees of freedom.

6a.

Energetics of proton transfer for constrained vinylirnidazoline salts at the B3LYPl63 11G** level with the nitrogen and oxygen positions held constant as well as the angle
and dihedral angle used to define the position of the acidic proton.

6b.

Energetics of proton transfer for unconstrained vinylimidazoline salts at the B3LYPl63 11G** level. The structure was allowed to optimize over all degrees of freedom.

Table 1: Binding Energies for Anhydrous Organic Amine Salts"

Compound

&kc b

EZPE'

2-vinylpyridine

-327.380709522

0.158594

vinylimidazoline

-306.53 1403831

0.164014

phosphoric acid

-644.269 167617

0.048700

hydrogen diphosphate

-643.726200869

0.036927

sulfuric acid

-700.322962842

0.037236

hydrogen bisulfate

-699.8 15687259

0.026239

2-vinylpyridine &Po4

-97 1.296399155

0.19494 1

2-vinylpyridine HS04

-1027.361757260

0.184460

4-vinylpyridine &Po4

-971.294337035

0.194992

4-vinylpyridine HS04

-1027.358245720

0.18376 1

vinylimidazoline &Po4

-950.430563252

0.200391

vinylimidazoline HS04

-1006.501027830

0.192336

AEd (kcaVmo1)

For structures optimized at the B3LYPl6-3 11G** level.
Total electronic energy in Hartrees.
Zero point energy (ZPE) in Hartrees.
Binding energy based on (uncorrected) total electronic energies.
" Binding energy based on ZPE corrected EcIcc.
in din^ energy based on CP correction to BSSE of re-optimized structure.
a

AEZPE~
(kcaVmo1)

AEBSSE~
(kcaVmol)

